Abstract -Ethanol alone had no effect on neuronal nitric oxide synthase (nNOS) expression in PC12 cells. However, in the presence of nerve growth factor (NGF), nNOS expression was amplified (threefold, P < 0.05), compared to NGF alone. This increase was eliminated with pretreatment of PC12 cells with staurosporine, suggesting that the effects of ethanol on nNOS expression are mediated by a protein kinase C-dependent pathway.
INTRODUCTION
Many studies have identified the brain as a major target organ for the harmful effects of alcohol. Alcohol exposure has been shown to alter both the normal development of the brain (Kotkoskie and Norton, 1988) and affect neuromorphogenesis (Miller, 1986 ). Alcohol appears to interfere with the formation of normal neural processes. Thus, exposure to ethanol inhibits dendrite growth and differentiation in the pyramidal cells of the developing rat neocortex and hippocampus, and decreases dendritic branching and spine density in CA1 hippocampal neurons and Purkinje cells in adult rats and mice (Hammer, 1986) . Chronic alcohol exposure has been shown to increase nitric oxide (NO) levels in neuronal cultures (Chandler et al., 1994) and may be responsible for the acquisition of alcohol tolerance. Studies in the rat have shown that nitric oxide synthase (NOS) inhibition will prevent the development of alcohol tolerance (Khanna et al., 1993) . NOS activity also appears to be linked to the development of alcohol addiction (Beauge et al., 1994) . Inhibition of NOS is associated with the reversal of preference for alcohol vs water in alcohol-preferring rats (Beauge et al., 1994; Rezvani et al., 1995) . Additionally when PC12 cells are exposed to methanol, ethanol, or propanol in the presence of suboptimal concentrations of nerve growth factor (NGF) (30 ng/ml), each produces rapid morphological differentiation and extensive neurite outgrowth (Wooten and Ewald, 1991) . Since we had previously demonstrated that NGF increases the expression of neuronal NO synthase (nNOS) in PC12 cells, we undertook a study to determine if ethanol could also exert an effect on nNOS expression in PC12 cells. The results obtained indicate that, although ethanol by itself is incapable of affecting nNOS gene expression, it acts synergistically with NGF to 'super-induce' nNOS gene expression in a protein kinase C (PKC)-dependent manner.
MATERIALS AND METHODS

Cell culture and treatments
PC12 cells were cultured and passaged as previously described (Sheehy et al., 1997) . For differentiation experiments, cells were plated onto collagen IV (BioCoat)-coated 60-mm dishes (for protein studies) or 24-well plates (for neurite outgrowth determination) in defined medium, as previously described (Ferriero et al., 1994; Sheehy et al., 1997) . Cells were allowed to attach overnight before being treated. Differentiation was induced in the presence of NGF (1-40 ng/ml) for 5 days. For experiments with ethanol, the dishes were sealed using paraffin to prevent evaporation and the medium changed daily. To inhibit PKC activity, PC12 cells were incubated with staurosporine (1 nM).
Western blot analysis
PC12 cells were harvested into ice-cold phosphate buffered saline (PBS), centrifuged, resuspended in PBS, and sonicated prior to protein quantification (Bradford reagent, Bio-Rad). Protein extracts (50 µg) were separated on 7.5% reducing SDSpolyacrylamide gels. The gel was electrophoretically transferred to nitrocellulose, blocked in PBS/0.1% Tween containing 5% non-fat dry milk and incubated with a primary antiserum that recognized the haem domain of nNOS (Sheehy et al., 1997) . After washing to remove excess secondary antibody, membranes were developed using chemiluminescent techniques (Pierce Labs). Quantification of autoradiographic results was performed by scanning (Hewlett Packard SCA Jet IICX) the bands of interest into an image editing software program (Adobe Photoshop). Band intensities were analysed densitometrically on a Macintosh computer (model 7100/66) using the public domain NIH Image program. ANOVA was used to determine any significant changes in densitometric values. A P < 0.05 was considered statistically significant.
RESULTS
We initially treated PC12 cells with ethanol (200 mM) in the presence or absence of NGF (40 ng/ml) and determined the effect on neurite outgrowth (Fig. 1 A) or nNOS protein expression (Fig. 1 B) . In the absence of NGF, ethanol had no obvious effects on either neurite outgrowth or nNOS expression. However, in the presence of NGF, the expression of nNOS was induced significantly (threefold, P < 0.05) over that achieved with NGF alone (Fig. 1 C) . This increase in nNOS expression was paralleled by an increase in neurite formation (Fig. 1 A) .
ETHANOL, NGF AND NOS 507 Fig. 1 . Effects of ethanol, nerve growth factor (NGF) or both on neurite production and neuronal nitric oxide synthase (nNOS) gene expression in PC12 cells in culture. Ethanol alone did not induce nNOS. PC12 cells were grown for 5 days on collagen IV-coated plates in the presence of ethanol (200 mM) and/or NGF (40 ng/ml). Neurite production was then visualized (A). Protein extracts (50 µg) were also prepared from these cells and separated on a 7.5% reducing SDS-polyacrylamide gel and analysed by Western blotting (B). nNOS protein expression was determined using densitometry and values expressed relative to that obtained with NGF (40 ng/ml) alone (C). Values are means ± SEM from six experiments. *P < 0.05 vs NGF-treated cells. Only in the presence of NGF does ethanol stimulate neurite outgrowth and nNOS expression.
This synergistic effect of ethanol and NGF on nNOS expression was found with ethanol concentrations as low as 25 mM (Fig. 2 A, C) . Similarly, at high ethanol concentrations (200 mM), NGF levels as low as 10 ng/ml could increase nNOS expression (Fig. 2 B, C) .
This synergistic induction of nNOS expression could be blocked by the PKC inhibitor, staurosporine (Fig. 3 A, B) . DISCUSSION PC12 cells exposed to ethanol in the presence of NGF increase their rate of neurite production even in the presence of suboptimal concentrations of NGF (Wooten and Ewald, 1991) . However, the effector molecule in this process is unknown at the present time. Since we have previously demonstrated that NO is required for NGF-induced PC12 cell differentiation, we felt that it was reasonable to hypothesize that ethanol may stimulate NO production by increasing the expression of the nNOS gene. Treatment of PC12 cells indicated that, in the absence of NGF, ethanol had no obvious effects on either neurite outgrowth or nNOS expression. However, in the presence of NGF, the expression of nNOS was significantly induced over that achieved with NGF alone. There was also a parallel increase in neurite formation. Induction of nNOS expression could be achieved at levels of NGF as low as 10 ng/ml, suggesting that ethanol sensitizes PC12 cells such that they will react to growth factor levels that would not normally elicit a morphological response. This 'super-induction' (or permissive effect) of nNOS expression was blocked by the PKC inhibitor, staurosporine, indicating that the induction of nNOS was dependent on a functional PKC pathway. This result fits well with those from Messing et al. (1991) and Messing (1993) , who have also shown that ethanol increases the expression PKCδ and PKCε and that PKCε appears to mediate the enhanced NGF-induced neurite outgrowth (Hundle et al., 1997) .
Previously we have demonstrated that a functional nNOS is required for NGF-induced differentiation in PC12 cells with NO being necessary, but not sufficient, to induce differentiation. Together, the results presented here along with our previous studies strongly suggest that nNOS, via NO release, plays a major role in transducing the effects of ethanol into neuronal differentiation. This enhanced neurite outgrowth could be detrimental in vivo to the developing brain. For example, the increased dendrite length caused by this induction of neurite outgrowth could place synapses at greater distances from the cell soma at risk, decreasing electrical conduction along the dendrite to the soma. Fig. 2 . The effect of ethanol and nerve growth factor (NGF) on neuronal nitric oxide synthase (nNOS) expression in PC12 cells. PC12 cells were grown for 5 days on collagen IV-coated plates in the presence of NGF (0-40 ng/ml) and 100 mM ethanol (A) or in the presence of ethanol (0-200 mM) and 40 ng/ml NGF (B). Protein extracts (50 µg) were prepared from each treatment and separated on a 7.5% reducing SDS-polyacrylamide gel and analysed by Western blotting. nNOS expression was determined using densitometry and values expressed relative to that obtained with NGF (40 ng/ml) alone (C). Values are means ± SEM from three experiments. *P < 0.05 vs 40 ng/ml NGF alone; † P < 0.05 vs 40 ng/ml NGF alone.
In addition, increased neurite connections could interfere with the normal cycles of neural process elimination and subsequent synaptic connection rearrangements that are an integral part of brain development. Furthermore, process elongation may lead to disruptions in neural network output by causing an imbalance in inhibitory and excitatory signals. Further analysis of how ethanol stimulates the expression of nNOS is thus warranted. Fig. 3 . Protein kinase C (PKC) inhibition attenuates neuronal nitric oxide synthase (nNOS) induction by ethanol. PC12 cells were grown for 5 days on collagen IV-coated plates in the presence of NGF (40 ng/ml) and 100 mM ethanol and in the presence or absence of the PKC inhibitor, staurosporine (1 nM). Protein extracts (50 µg) were prepared from each treatment and separated on a 7.5% reducing SDS-polyacrylamide gel and analysed by Western blotting. The densitometric values for nNOS protein for each treatment were calculated from three different experiments (B). Values are means ± SEM. *P < 0.05 vs NGF-treated cells. The presence of staurosporine significantly reduces the ethanol induced over-expression of nNOS.
